We have combined eroding 10 µm diameter Al 2 O 3 particles with a new masking technology to realize the smallest and most accurate possible structures by powder blasting. Our masking technology is based on the sequential combination of two polymers:(i) the brittle epoxy resin SU8 for its photosensitivity and (ii) the elastic and thermocurable polydimethylsiloxane for its large erosion resistance. We have micropatterned various types of structures with a minimum width of 20 µm for test structures with an aspect ratio of 1, and 50 µm for test structures with an aspect ratio of 2.
Introduction
The realization of three-dimensional structures with high resolution in brittle materials like glass is a challenge. An alternative way for micropatterning glass and brittle materials in general is the powder blasting technique (Schlautmann et al 2001 , Belloy et al 2000 . This method is characterized by a very high etching rate (1 mm min −1 ), typically two orders of magnitude higher than obtained by dry and wet etching techniques, and does not require a cleanroom environment, which makes it extremely attractive for low cost industrial applications (Baller et al 1996) . The etching or erosion mechanism is based on material removal due to the generation of micro-cracks by sharp indenting particles, similar to a Vickers indentation experiment (Slikkerveer et al 1998 , Buijs 1994 . The demonstrated structural resolution of powder blasting is in most cases in the 50-100 µm range, using abrasive alumina particles of 30 µm in diameter (Slikkerveer et al 1999a) . Recently, the realization of 100 µm complex structures with high aspect ratio using such particles was demonstrated (Belloy et al 2002a , Pawlowski et al 2003 . We have used powder blasting to realize microfluidic circuits (Solignac et al 2001 , Yamahata et al 2005 , miniaturized magnetic components (Saidani 2003) and inertial sensors (Belloy et al 2002b) . Obviously, the particle size determines the resolution of the process, as it poses a lower limit to the mask dimensions that enable an easy access of the particles to the target substrate (Slikkerveer et al 1999a) . However, the realization of a high-resolution (10 µm) mask with good erosion resistance against powder blasting is a real challenge. Conventional photoresists offer the required resolution, but do not withstand long time particle erosion. An original approach was presented, where photolithographic techniques were combined with a Cu electroplating step to provide a highresolution ductile masking structure (Wensink et al 2000) . Although this technique provides a higher resolution than obtainable with conventional metal contact masks (60 µm), it is more complex than a simple lithographic masking process.
In our approach, we combine 10 µm diameter Al 2 O 3 particles with a SU8/poly-dimethylsiloxane (PDMS) masking technique in order to realize the smallest possible structures in glass by powder blasting with a high erosion rate (Pawlowski et al 2005) . For the first time, we obtain high aspect ratios (2) for 20 and 30 µm wide ridge and channel structures. We first define a SU8 mould by photolithography, into which we pour PDMS; after removal of the excess of PDMS with a blade and curing, the PDMS forms a high-resolution erosion-resistant mask, which is complementary to the SU8. During the powder blasting process, the brittle SU8 is easily removed. We use the PDMS mask to micropattern linear-like and wheel-type test structures with structural details down to 20 µm. We analyze the mask-size-dependent etching rate and we find a decreased etching rate, when mask features are lower than about ten times the particle size. The erosion resistance of the PDMS mask against powder blasting is analyzed and the selectivity between the substrate and the mask determined. We demonstrate the high quality of the surface underneath the mask, proving the absence of mask underetching and suitability of our method for patterning wafers while keeping high-quality surfaces.
Experimental set-up
For all experiments, we use a Comco Microblaster MB 1002 abrasive jet machine (Burbank, CA, USA), which is connected to a 6 bar pressurized air source. The eroding powder, consisting of 10 µm diameter alumina particles (Al 2 O 3 ) is periodically dosed to the exit nozzle by an air valve (60 Hz pressure pulses). The powder blasting machine is placed onto a SB3 Mettler-Toledo high precision balance (MettlerToledo, Greifensee, Switzerland) to monitor the weight loss of the microblaster as a function of time. This weight change corresponds to the weight of alumina particles used to erode the substrate. The erosion process can be tuned by varying parameters like air pressure, particle flux, the distance between nozzle and substrate and/or the angle between the target surface and the nozzle. The distance from the nozzle exit to the substrate is fixed in our experiments to be 20 mm; we always use a powder beam at normal incidence. To assure a uniform scanning of the substrate surface by the powder beam, an x-and y-translation stage is connected to the nozzle, resulting in a continuous meander-like scanning of the substrate. To assure a homogeneous time-averaged scanning, the velocity of x-axis and y-axis movement is kept constant for all experiments (v y = 16 mm s −1 ; v x = 0.41 mm s −1 ). As variable parameters in our experiments, we use the pressure (200-280 kPa) and the etching time. We define an etching time unit t u as the time needed by the nozzle to scan one time a total surface, characterized by a length 75 mm in the x-direction, and a width of 25 mm; t u is equal to 190 s.
Process flow
Float glass wafers (0.5 mm thick, 4 in diameter) are used for all experiments (Guinchard, Yverdon-les-Bains, Switzerland). We spin-coat these wafers with a layer of 50 µm SU8 epoxy photoresist (MCC, Newton, MA, USA). SU8 is a negative epoxy resist which can be easily patterned into high-aspect ratio structures by photolithography (Jo et al 2000 , Lee et al 1995 , Lorenz et al 1998 . After pre-baking, the SU8 is exposed to a lithographic mask (see figure 1(a)), post-baked and developed (figure 1(b)). After SU8 development, we apply a liquid PDMS solution (Sylgard 184, Dow Corning, Midland, MI, USA) onto the wafer, filling the recessed regions, and remove the excess of PDMS mechanically with a blade (Ryu and Liu 2002) . After curing for 1 h 30 min at 90
• C, we obtain a 50 µm thick polymerized PDMS/SU8 structure ( figure 1(c) ). In the next step, the sample is eroded by powder blasting. The brittle SU8 is quickly removed by the eroding particles, while the high-resolution PDMS mask is left on the glass ( figure 1(d ) ). After powder blasting, the sample is ultrasonically cleaned with a surfactant aqueous solution (Triton X-100, Sigma-Aldrich, Buchs, Switzerland), the PDMS mask is detached using isopropanol and removed (figure 1(e)). The mask contains test structures of different sizes (size is varying from 20 µm to 200 µm), and different forms (channels, crosses, squares, circles . . . ). Each structure has its inverse to test the limits in resolution of the technique. For example, the mask contains test structures of different sizes and of the type shown in figure 2, namely 'wheel-type' (figure 2(a)) and 'finger-type' structures ( figure 2(b) ). The wheel-type structures have a constant external diameter (Ø = 600 µm) and a variable width for the inner side ring (30 µm < a < 170 µm) and connection element (30 µm < b < 150 µm). The finger-types structures of figure 2(b) have a total width of 600 µm; the other dimensional parameters are c, d and e (30 µm < c < 100 µm, 20 µm < d < 100 µm, 50 µm < e < 200 µm). Besides the structures of figure 2, we also designed 50 µm wide parallel lines with an interspacing of 50 µm and square columns of 200 µm and 100 µm width, respectively. The distance between the square columns varies between 15 and 100 µm. 
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Sample characterization
After the powder blasting process, the profile of our structures is characterized using three techniques, optical microscopy, scanning electron microscopy (SEM) and interferometry. Optical microscopy is used to observe the cross-section of the smallest channels. We cleave the glass wafer in smaller parts, glue them pair-wise using a very hard epoxy G1 (Gatan, Pleasanton, CA, USA) and polish the assembled structure by fixing the sample on a tripod equipped with a micrometric screw, to control the depth of the material to be removed. The tripod is placed on a water polishing machine (Struers Dap V, Rodovre, Denmark) equipped with abrasive discs. In each abrasive disc diamond particles of different sizes are embedded, to obtain a good polishing. An optical profilometer Mikrocad R (GFMesstechnik GmbH, Berlin, Germany) is used for obtaining one-and two-dimensional profile scans of the larger eroded structures. Figure 3 is an optical microscope cross-section, after removal of the PDMS masking layer, of a series of channels, eroded using a pressure of 280 kPa, an erosion time of 8 × t u for a scanning area of 75 × 50 mm 2 , and corresponding to a mask dimension of (a) 30 µm, (b) 40 µm and (c) 50 µm, respectively. It clearly shows that the depth of the structures, with an aspect ratio around 1, increases with increasing channel width (Slikkerveer et al 1998, Wensink and Elwenspoek 2002a) . From the experimental channel profiles, we can calculate the increase of the channel width at the surface, relative to the theoretical width of the mask. For the three cases, the deviation is around 15 µm at the given experimental conditions. We attribute this increase to mask widening effects by particles at grazing incidence on the edge of the PDMS mask. We assume that with our smallest channel structures, we have reached the limits of our masking technology and probably also the dimensional limits of high-speed micro-patterning by powder blasting (using 10 µm particles).
Experimental results and discussion
Effect of mask feature size
Figure 4(a) shows the depth of the channel structures, derived from optical photograph cross-sections as that shown in figure 3, versus the mask dimension for two different powder blasting working pressures. Figure 4(b) is the channel depth as a function of mask dimension for different etching times (in units of t u ). The erosion is strongly diminished when using the lower pressure, which can be attributed to a particle energy close to the threshold energy of fast erosion (Wensink and Elwenspoek 2002b) . At the higher pressure, we observe that the eroded depth is about constant and equal to 130 µm for a mask dimension above 100 µm, while for channel widths below, the erosion depth starts to strongly decrease, even if the aspect ratio is more or less constant. The reason for the mask-size-dependent erosion depth is of geometrical origin, because, if the opening size is too small, the particle cannot efficiently and deeply etch the substrate. One should note that, while the present dimensional threshold (at the given experimental conditions) is about 100 µm for 10 µm size alumina particles, it was around 500 µm when using 30 µm size particles (Belloy et al 2000) . Figure 5 shows the time-dependent erosion rate of a thick PDMS layer powder blasted at 200 kPa on a surface of . The erosion rate is defined as the loss of substrate weight (glass in our case) divided by the weight of particles used for powder blasting (the weight of the Al 2 O 3 particles). We see that the erosion rate is negative in the beginning and becomes positive after the so-called incubation time (Slikkerveer et al 1999b) . A negative erosion rate is related to the characteristic behavior of elastomeric materials like PDMS, where the mass first increases due to incorporation of powder particles within the PDMS matrix and only begins to decrease after the so-called incubation time. We can deduce the incubation time in the graph to be 3000 s and note that the erosion rate of PDMS at the given experimental conditions is about 1.6 × 10 −5 , i.e. a factor 200 less than the glass erosion rate at 200 kPa. We can calculate the selectivity of the mask, which is defined as the ratio between the etched depth in the glass and the etched depth in PDMS, using the weight losses during erosion (1209 mg for glass and 4 mg for PDMS during a 22 × t u erosion time), the specific density of both materials ). The selectivity is found to be around 160 after a time of 22 × t u . Figure 6 presents different SEM photographs of structures powder blasted at 200 kPa, during a multiple number of times t u for a total scanned surface of 75 × 25 mm 2 . Figure 6(a) shows a wheel-type structure powder blasted during a time of 4 × t u , and still partly covered with the PDMS mask. The mask is slightly rounded, but not seriously damaged and some particles of alumina are embedded on its surface. This is in agreement with the description of (Slikkerveer et al 1999b) . Figure 6 (b) presents channels of 50 µm width, with an interspacing of 50 µm, powder blasted during a time of 22 × t u , demonstrating that the PDMS mask resists very well, because the glass surface is not damaged. The depth of the eroded channels is 120 µm so that the aspect ratio achieved is about 2. Figure 6 (c) represents 100 µm wide square columns and 50 µm wide channels powder blasted during 8 × t u . The square columns are well defined and the PDMS lateral erosion is smaller than 15 µm. during erosion. These structures are the smallest we can achieve and we assume that we reached in this case the dimensional limits of high speed powder blasting technology. An aspect ratio of 1.5-2 is obtained. Figure 7 (a) is a SEM photograph of a wheel-type structure detail, while figure 7(b) is a two-dimensional interferometer profile of four wheel-type structures, eroded during 8 × t u at a pressure of 200 kPa and a scanned area of 75 × 50 mm 2 ; the PDMS mask is still on top. The beam and the ring parts of the structures are eroded at a different etching rate due to their different size and therefore show a different profile depth.
Mask erosion behavior
Conclusion
We have introduced a new SU8/PDMS masking technique, with which we have demonstrated the smallest possible powder blasted structures in glass (20-30 µm), realized at a high etching rate by particle impact-induced crack formation. The minimum dimension is directly related to the use of 10 µm diameter Al 2 O 3 particles. With our SU8/PDMS masking technique, we benefit both from the excellent photolithographic properties of the SU8 and the high erosion resistance of the PDMS. We verify the excellent erosion resistance of the PDMS mask at our experimental conditions and use it to micro-pattern test structures with a maximum aspect ratio of 2 and structural details down to 20 µm. We find a limitation of the etching rate when mask features become smaller than about ten times the particle size.
